To study the morphological results, the vessels were excised after 7, 14, 28, and 42 days. Cross sections were analyzed in regard to laser-specific injury. Staining of c-actin was used to identify smooth muscle cells (SMCs). After bromodeoxyuridine labeling, the extent of proliferation (number of cells undergoing DNA synthesis) was determined by using a monoclonal antibody. Holmium laser ablation resulted in an initial decrease of the numbers of intimal cell layers in the early group (7 days after treatment: 5±1 cell layers with 76±39 pm; control: 13+3 cell layers with 144±44 pm). Quantification of SMCs undergoing DNA synthesis in the intima (control: 51 + 19 cells/mm2) showed a significant increase of labeled cells after 7 (216±74 cells/mm2, p=0.003) and 14 days (281±+139 cells/mm2, p=0.011). Integrity of the internal elastic lamina was disrupted in all animals after intervention. Seven and 14 days after treatment, a considerable reduction of medial cell nuclei was found in 10 of 12 animals. SMC proliferation in the medial layer was increased within the first 2 weeks after laser ablation (168± 113 cells/mm2; control: 8+4 cells/mm2; p=0.023). Six weeks after holmium laser angioplasty, SMC proliferation had returned to control levels in the intima and remained increased in the medial layer. This proliferative response resulted in a significant increase of intimal thickening within 6 weeks after laser ablation (30±6 cell layers, 375±97 prm resp.; p=0.001 each).
Conclusions. Holmium laser treatment leads to considerable vessel wall injury and results in SMC proliferation in the intimal and medial layer with a maximum of proliferative activity within The holmium laser is of particular interest since transmission of even high energies is possible through nontoxic standard quartz fibers.12 Using intracoronary holmium laser energy, Geschwind et al13 reported successful ablation in eight of 10 procedures in a first clinical study.
The major clinical limitation of all available techniques for treatment of atherosclerotic heart disease is the high incidence of restenosis, which will occur in as many as 30% of all primary successfully treated patients.
It is well known that the increase of intimal thickness at the site of intervention is primarily due to smooth muscle cell (SMC) proliferation1415 and can be ob-served after balloon dilatation and excimer laser angioplasty. [16] [17] [18] This biological response of proliferating intimal and medial cells may result in the occurrence of restenosis.
Although clinical trials for the evaluation of coronary angioplasty using holmium lasers have been initiated, little is known about the effect of holmium laser energy application on adjacent arterial tissue and subsequent SMC proliferation in experimental in vivo studies.
Thus, the aim of the present in vivo study was to analyze the 1) laser-specific injury and 2) the time course and extent of proliferating SMCs after experimental holmium laser ablation.
Methods

Animal Model
Before laser ablation was performed, an intimal atheromatous plaque was produced with the electrostimulation method first reported by Betz hours. A sample of small intestine was excised for determination of the incorporation of bromodeoxyuridine (BrdU) into replicating cells.
Ten electrostimulated rabbits were used as controls. Five of these animals underwent the same procedure as described above without energy delivery to determine possible mechanical injury by the bare fiber (sham operated). The remaining five control animals were killed without laser treatment immediately after the stimulation period to analyze the plaque resulting from electrical stimulation only.
Application of BrdU
BrdU labeling was performed in all rabbits to quantify the amount of proliferating SMCs at different time intervals after laser ablation.16,17,22 Eighteen hours before the rabbits were killed, a subcutaneous neck depot consisting of 100 mg BrdU/kg body wt and 75 mg 2'-deoxycytidine (d-cyt)/kg body wt (both from Sigma Inc., Deisenhofen, FRG) was given. In addition, intramuscular injections (30 mg BrdU/kg body wt, 25 mg d-cyt/kg body wt) were given 18 and 12 hours before the vessels were excised.
Tissue Analysis Histological examination. After removal of the Teflon cuff, the specimens were excised and embedded in paraffin. The specimens were cut in series beginning at the caudal end of the region irradiated by hohnium laser energy to the maximal extent of the plaque. The obtained 4-,um-thick cross sections were used for histolog-ical and immunohistological examination. For morphometric evaluation, the sections were stained with standard hemalaune and hematoxylin and eosin.
The irradiated vessel wall sections were examined for laser-specific alterations such as carbonization, perforation, dissection, and fragmentation of the internal elastic lamina.8,11 [23] [24] [25] [26] [27] [28] The technique of immunohistological examination has been described previously16 '17 
In addition, the total numbers of cells were separately counted in the intimal and medial areas. The number of proliferating cells was calculated as the proportion of the total cell number in percentage for both layers.
Determination of Serum Cholesterol Level
Venous blood was collected from all animals when they were killed. Total serum cholesterol was measured by standard enzymatic protocol. 32 To obtain normal values in six animals, total serum cholesterol was estimated before the 0.5%-cholesterol diet was started.
Statistical Analysis
All values are expressed as mean+SD. The significance of differences between control and laser-treated vessels was determined using two-tailed Student's t test. The value of p was calculated between the control and the laser-treated animals and reported exactly.33 Differences were considered significant at p<0.05. 34 
Results
Histology
Laser-specific injury. Transmural perforation was observed in only one vessel. This animal, however, survived and was killed 28 days after intervention. The small perforation was covered by the Teflon cuff, and an occlusive thrombus was found at the site of perforation. In one animal, an aneurysm was noted. Separation between the intimal and medial layers was found in 10 of 25 laser-treated vessels ( Figure 1 ) and in none of the control vessels. An area without SMC nuclei in the medial layer was observed in all laser-treated vessels 7 days after intervention with a mean extent of 73 +31% (control: 1.5+0.3%;p=0.002). The area without SMCs was found to be decreased to 37.7±27.7% (p=0.019) 14 days after laser treatment. At day 28, the medial area without SMC nuclei was 28.5+7.5% (p=0.001) and decreased further to 7±3% (p=0.005) at day 42 after treatment ( Figure 2 ).
Disrupted internal elastic lamina could not be found in the control or sham-operated group. In all lasertreated groups, however, the internal elastic lamina was disrupted.
At 7 days after holmium laser angioplasty, 20.5±18.7% of the total internal elastic lamina was disrupted. Two weeks after laser treatment, 18.3+10.0% of the internal elastic lamina was disrupted. Four weeks after laser angioplasty, the proportion of disrupted internal elastic lamina was 16.6+3.8%, and after 6 weeks, it was 29.3±9.9%. There was no statistical difference in the percentage of disrupted internal elastic lamina at the different time periods. In the treatment group at 7 days after laser ablation, the remaining plaque had 5±1 cell layers, and the intimal wall thickness was 76±39 gm (p=0.049). Fourteen days after holmium laser angioplasty, the plaque consisted of 16+8 cell layers, and mean intimal wall thickness was 205±113 gm (p=NS). Four weeks after holmium laser angioplasty, the plaque consisted of 22±2 cell layers, and mean intimal wall thickness was 317±59 gm (p=0.001). Six weeks after intervention, the plaque consisted of 30±6 cell layers, and the intimal wall thickness was 375±97 gtm (p=0.001) (Figure 3 ).
Morphometric analysis revealed a reduction in severity of stenosis from 24+7% (control) to 14±3% (p=0.054) 7 days after laser angioplasty. Two weeks after treatment, stenosis was 35±12% (p=NS); after 28 days, it was 45+4% (p=0.001), and it was 58±18% (pO0.004) at 6 weeks.
A lesion of >50% of luminal area was found in four of the laser-treated arteries. In three of these vessels, the lesion was predominantly due to intimal proliferation of SMCs (two lesions after 42 days and one after 28 days), and in one vessel, a partially recanalized thrombus was found (animal 7) .
On histological examination, thrombi were found in nine of 25 animals. The thrombi in six rabbits resulted in an occlusion that was partially recanalized in one (animal 7); in three of these animals, only mural thrombi with <50% luminal reduction were found (Table 1) . SMC proliferation after holmium laser angioplasty. In all animals, the incorporation of BrdU into replicating cells was tested by estimation of the small intestine mucosa-labeling index. Approximately 30% of all cells were stained BrdU-positive. (Figure 4) . After 4 weeks, the number of proliferating cells per squared millimeter remained increased (177±120 cells/mm2,p=0.071). After 6 weeks, the number of proliferative cells remained significantly increased (25±10 cells/mm2, p=0.043) ( Table 2) .
No significant differences were found in the medial layers between the control (8±4 cells/mm2) and the sham-operated group (11±6 cells/mm2, p=0.430). Seven days after treatment, a significant increase of BrdU-positive cells was observed (161±122 cells/mm2, p=0.037) in the medial layer. Fourteen days after intervention, the number of SMCs in the media was 168+113 cells/mm2 (p=0.023). At 28 days after intervention, the number of proliferating cells decreased to 70± 33 cells/mm2 (p=0.033). Six weeks after ablation, 24±19 cells/mm2 were found in the medial layer (p=0.158, NS) ( Table 2) .
The proportion of BrdU-positive cells to all cells in the control animals was 0.8±0.2% in the intimal layer and 0.6±0.2% in the medial layer. The maximum number of replicating cells was found after 14 layer with 1.3 +0.4% (p=0.044); in the medial layer, the number was 2.1±+ 1.6% (p=0.088, p=NS) ( Table 2) .
No linear correlation between the SMC proliferation and the progressive increase of SMC layer accumulation could be observed.
Serum Cholesterol Level
Before the 0.5%-cholesterol diet was started, mean serum concentration of total cholesterol was 39+17 mg/dl. After 28 days of feeding the diet, serum cholesterol concentration increased to 1,155±+186 mg/dl. At this time, the cholesterol diet was changed to the standard diet. Within 42 days of feeding the normal diet, serum cholesterol concentration decreased to 95±57 mg/dl (Table 3) .
Discussion Holmium Laser-Induced Vessel Wall Injury
The aim of this study was to evaluate the potential of holmium laser energy as an alternative for percutaneous angioplasty in an experimental animal model. Although several in vitro investigations have been performed, little is known about the acute and chronic in vivo effects of vascular application of holmium laser energy.
Threshold energy density necessary for effective ablation of atherosclerotic plaques has been determined previously in in vitro experiments.7 To ensure effective ablation, an energy threshold of 350 mJ/mm2 was used in the present study. This energy could easily be transmitted through the bare fiber used in these experiments. In in vitro experiments, holmium laser energy resulted in considerable thermal damage of the adjacent tissue depending on the energy densities used.8 '10,"1,35 In contrast, White et a112 observed only minimal evidence of thermal injury in recanalized swine iliac arteries immediately after laser irradiation using energy densities between 255 and 795 mJ/mm2. Thus, special attention was paid in regard to specific laser-related vascular injury.
In our experiments, a considerable number of vessels with fissuring off of the intimal and medial layers was found. As a sign of increased vascular injury, the internal elastic lamina was disrupted in all animals regardless of the time interval between treatment and tissue analysis. Furthermore, the medial area without SMC nuclei was considerably increased in the early groups (7 and 14 days after intervention). Both observations probably are the result of considerable thermal and/or acoustic injury of the arterial wall during the Holmium laser ablation resulted in a severe arterial injury in the intimal and medial layers with considerable and persistent disruption of the internal elastic lamina. Furthermore, the proliferative vessel wall response is pronounced and leads to a considerable increase of intimal cell layers within the 6-week follow-up period. In view of these results, the clinical use of holmium laser angioplasty for human applications appears to be limited.
